
February 2018 | Volume 9 | Article 2711

Original research
published: 15 February 2018

doi: 10.3389/fimmu.2018.00271

Frontiers in Immunology | www.frontiersin.org

Edited by: 
John William Christman,  

The Ohio State University,  
United States

Reviewed by: 
Argyrios Tzouvelekis,  

Alexander Fleming Biomedical 
Sciences Research Center, Greece  

Toshiyuki Murai,  
Osaka University, Japan

*Correspondence:
Yaser Hosny Ali Elewa 

y-elewa@vetmed.hokudai.ac.jp, 
yaserelewa@zu.edu.eg

Specialty section: 
This article was submitted to 

Inflammation,  
a section of the journal  

Frontiers in Immunology

Received: 01 November 2017
Accepted: 30 January 2018

Published: 15 February 2018

Citation: 
Elewa YHA, Ichii O, Takada K, 

Nakamura T, Masum MA and Kon Y 
(2018) Histopathological Correlations 
between Mediastinal Fat-Associated 

Lymphoid Clusters and the 
Development of Lung Inflammation 

and Fibrosis following Bleomycin 
Administration in Mice. 
Front. Immunol. 9:271. 

doi: 10.3389/fimmu.2018.00271

histopathological correlations 
between Mediastinal Fat-associated 
lymphoid clusters and the 
Development of lung inflammation 
and Fibrosis following Bleomycin 
administration in Mice
Yaser Hosny Ali Elewa1,2*, Osamu Ichii2, Kensuke Takada3, Teppei Nakamura2,4,  
Md. Abdul Masum2,5 and Yasuhiro Kon2

1 Department of Histology and Cytology, Faculty of Veterinary Medicine, Zagazig University, Zagazig, Egypt, 2 Faculty of 
Veterinary Medicine, Basic Veterinary Sciences, Hokkaido University, Sapporo, Japan, 3 Laboratory of Molecular Medicine, 
Faculty of Veterinary Medicine, Hokkaido University, Sapporo, Japan, 4 Section of Biological Science, Chitose Laboratory, 
Japan Food Research Laboratories, Chitose, Japan, 5 Department of Anatomy, Histology and Physiology, Sher-e-Bangla 
Agricultural University, Dhaka, Bangladesh

Bleomycin (BLM) has been reported to induce lung inflammation and fibrosis in human 
and mice and showed genetic susceptibility. Interestingly, the C57BL/6 (B6) mice had 
prominent mediastinal fat-associated lymphoid cluster (MFALCs) under healthy condition, 
and showed susceptibility to development of lung fibrosis following BLM administration. 
However, the pathogenesis of lung lesion progression, and their correlation with MFALC 
morphologies, remain to be clarified. To investigate the correlations between MFALC 
structures and lung injuries in B6 mice, histopathological examination of mediastinal fat 
tissues and lungs was examined at 7 and 21 days (d) following a single 50 μL intranasal 
(i.n.) instillation of either BLM sulfate (5 mg/kg) (BLM group) or phosphate-buffered saline 
(control group). The lung fibrosis was examined by Masson’s trichrome (MT) stain of 
paraffin sections and mRNA expression levels of Col1a1, Col3a1, and Acta2 in different 
frozen lung samples. Furthermore, immunohistochemistry for CD3, B220, Iba1, Gr1, 
BrdU, LYVE-1, and peripheral node addressin (PNAd) was performed to detect T- and 
B-cells, macrophages, granulocytes, proliferating cells, lymph vessels (LVs), and high 
endothelial venules (HEVs). We found that MFALCs were more abundant in the BLM 
group as compared to the control group. The lung of BLM group developed pneumonitis 
with severe cellular infiltrations at 7 days and significant collagen deposition (MT) and 
higher expression of Col1a1, and Col3a1 at 21  days post-administration. Numerous 
immune cells, proliferating cells, HEVs, and LVs were observed in both MFALCs and 
lungs of the BLM group. Interestingly, PNAd + HEVs were observed in the lungs of the 
BLM group, but not the control group. Moreover, numerous Gr1 + polymorphonuclear 
and mononuclear-like ring cells were found in the MFALCs and lungs of the BLM group. 
Interestingly, flow cytometric analysis revealed a significant increase of B-cell populations 
within the MFALCs of BLM group suggesting a potential proliferative induction of B-cells 
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following inflammation. Furthermore, significant positive correlations were observed 
between quantitative parameters of these immune cells in both the lungs and MFALCs. 
Thus, we suggest a potentially important role for MFALCs and HEVs in the progression 
of lung disease, especially in inflammatory lung disease.

Keywords: bleomycin, lung inflammation, mediastinal fat-associated lymphoid cluster, mediastinal adipose 
tissue, c57Bl/6 mice

inTrODUcTiOn

Pulmonary fibrosis is one of the most life-threatening diseases due 
to its damaging effect on lung tissues, which then leads to organ 
failure. It is associated with considerable morbidity and mortal-
ity in humans (1, 2). The etiology of pulmonary fibrosis varies, 
whereas some chemicals such as bleomycin (BLM), fibrogenic 
environmental toxins, exposure to radiation, or other unknown 
factors could lead to its development (3). BLM is an antibiotic 
agent with antitumor activity that exerts its effect by inducing 
tumor cell death. Despite the development in the drugs thereby 
of oncology, BLM remains an important chemotherapeutic for 
treatment of different types of curable human malignancies, 
including germinative tumors, as well as Hodgkin’s lymphoma 
that commonly affect young individuals (4). However, a major 
limitation of BLM therapy in human is the development of pul-
monary fibrosis and BLM pulmonary toxicity in up to 10–18% of 
patients receiving the drug (4–6). However, the pathogenesis of 
BLM-induced fibrosis and individual variation in susceptibility is 
not clearly understood.

In C57BL/6 (B6) mice, it has been reported that systemic or 
local administration of BLM induces an initial inflammatory 
reaction at day 7 (inflammatory phase), followed by fibrosis 
at day 21 (fibrotic phase) (7, 8). Currently, the pathogenesis of 
several human diseases could be clarified through leveraging 
of different animal models. For example, animal models of 
BLM-induced pulmonary fibrosis are useful for studying the 
mechanisms behind lung fibrosis as well as individual varia-
tion in susceptibility for lung fibrosis. Recently, BLM-induced 
lung injured mice was used as a model for human idiopathic 
pulmonary fibrosis to demonstrate different cellular senescence 
that mediates fibrotic pulmonary disease (9). Additionally, our 
previous report has shown significant positive correlations 
between immune cell infiltration into the lungs in two animal 
models of autoimmunity that develop a phenotype similar to 
human systemic lupus erythematosus (SLE) and the size of novel 
lymphoid clusters (LCs) associated with mediastinal fat tissues 
(MFTs) that termed as mediastinal fat-associated lymphoid 
cluster (MFALCs). Therefore, our previous studies suggested a 
possible role for such MFALCs in the progression of lung diseases 
(10, 11). However, further investigation is required to clarify the 
pathological role of MFALCs in lung diseases, especially those 
with an inflammatory nature.

The fat-associated LCs (FALCs) were firstly reported to be 
associated with the mesentery and the MFTs in human and 
healthy mice and were reported to have various roles in innate 
immunity (12, 13). Moreover, we reported strain-specific 

differences in the morphology of MFALCs among healthy strains 
of mice: Th1-biased B6, Th2-biased DBA/2Cr, and MRL/MpJ 
mice. Among these strains, the B6 mice presented significantly 
larger MFALCs (13). Interestingly, B6 mice were found to be 
susceptible to hypersensitive pneumonitis, a granulomatous 
inflammatory lung disease that affects both humans and mice. 
On the other hand, DBA/2 mice were resistant to this disease 
(14–16). Additionally, strain-specific differences in sensitivity to 
BLM-induced pulmonary fibrosis were revealed, where B6 mice 
were found to be more sensitive than Balb/c mice to pulmonary 
fibrosis (13). However, the mechanisms behind strain-specific 
differences in susceptibility to pulmonary fibrosis remain to be 
understood.

Recently, there are several approaches for attenuation or pre-
vention of the BLM-induced lung injury and fibrosis in mice (17, 
18). However, the pathogenesis of lung lesion progression and 
its correlation with the morphology of MFALCs remain unclear. 
Interestingly, it has been reported that inflammation-induced 
formation of mesenteric FALCs (19). Additionally, it has been 
revealed that the size and number of MFALCs increased pro-
foundly at day 11 of filarial infection in mice (20). However, 
there are no reports regarding the morphology of MFALCs 
and their possible correlation with lung disease progression 
following inflammation in BLM-induced pneumonitis mouse 
models. Furthermore, leukocytes with ring shaped nuclei (ring 
cells) have been reported to comprise approximately 50% of 
fresh murine bone marrow cells; these cells have been identi-
fied in the peripheral blood as well as in different tissues during 
inflammation (21–23). However, their presence in the lungs and 
MFALCs during BLM-induced lung inflammations has not been 
examined.

In this report, we investigated the morphology of MFALCs fol-
lowing BLM-induced inflammation and hypothesized that they 
may play a major role in lung injury progression. We found that 
the size of MFALCs was significantly increased following BLM 
administration at both 7 days (inflammatory phase) and 21 days 
(fibrotic phase) as compared with phosphate-buffered saline 
(PBS)-treated control group. Moreover, significant higher ratios 
of both lymph vessels (LVs) and high endothelial venules (HEVs) 
in both MFALCs and lungs of the BLM group were found, when 
compared to those in the control group. The abundance of such 
vessels was positively correlated with MFALCs size. We conclude 
that MFALCs may have important roles in lung injury. In addi-
tion, it is possible that LVs and HEVs may provide potential 
avenues for cellular migration into and out of MFALCs, as well 
as into the lungs, thereby enhancing lung injuries and inducing 
disease progression.
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FigUre 1 | Identification of lung fibrosis in bleomycin (BLM) and phosphate-buffered saline (PBS) groups. Representative histopathological images of lung tissues 
stained with Masson’s trichrome at early stages (7 days after i.n. instillation of 50 µL of either PBS or 5 mg/kg BLM) (a,B), respectively, and late stages (21 days 
after i.n. instillation of PBS or BLM) (c,D), respectively. Arrows indicate collagen fibers. (e) Comparison of aniline blue+ collagen areas in lung tissues of different 
groups. (F) Quantitative expression of mRNA for collagen 1a1 (col1a1), collagen 3a1 (col3a1), and alpha-actin-2 (acta2)/Actb. The letters a, b, c, and d: significant 
differences between PBS group at 7 days (a), BLM group at 7 days (b), PBS group at 21 days (c), and BLM group at 21 days (d), analyzed by the Kruskal–Wallis 
test, followed by the Scheffé’s method (P < 0.05); n = 5 in each experimental group. Values are given as the mean ± SE.
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MaTerials anD MeThODs

ethics statement
The animal experiments were conducted with the approval of the 
Institutional Animal Care and Use Committee of the Graduate 
School of Veterinary Medicine, Hokkaido University (approval 
number; 15-0079). The investigators adhered to the Guide for 
the Care and Use of Laboratory Animals, Hokkaido University, 
Graduate School of Veterinary Medicine (approved by the 
Association for Assessment and Accreditation of Laboratory 
Animal Care International).

experimental animals
Adult male B6 mice (12 weeks of age, 20–25 g) were used in the pre-
sent study. Mice were purchased from Japan SLC, Inc. (Shizuoka, 
Japan). Animals were housed in standard laboratory cages with 
access to water and rodent laboratory chow ad libitum. The mice 
were maintained under specific pathogen-free conditions.

experimental Design
Bleomycin sulfate (LKT Laboratories, Inc., Lot Number: 2599253, 
catalog Number: B4518) was diluted with sterile PBS, and was 
administered at a single dose of 5  mg/kg in the BLM group. 
Control mice received sterile PBS. Each group consisted of 10 

mice. Following anesthesia (0.3  mg/kg medetomidine, 4.0  mg/
kg midazolam and 5.0  mg/kg butorphanol) administration, all 
groups received 50 µL intranasal (i.n.) instillations of either BLM 
or PBS on 0 days. On 7 days (early time point) and 21 days (late 
time point) after BLM or PBS instillation, five mice from each 
group were sacrificed; MFTs and lung samples were immediately 
collected and fixed in 4% paraformaldehyde. To enhance preser-
vation of lung architecture, the lungs were first inflated with the 
fixative prior to immersion in the fixative solution. Two hours 
before sampling, mice were i.p. injected with 5-bromodeoxycy-
tidine (BrdU) (Wako, Osaka, Japan) diluted in 0.01 M PBS, at a 
dose of 50 mg/kg.

Tissue Preparation and histopathological 
analysis
Following overnight fixation at 4°C, specimens were washed, 
dehydrated in graded alcohol, and embedded in paraffin. Paraffin 
sections (3 µm) of MFT and lung tissues were prepared, stained 
with hematoxylin and eosin, and Masson’s trichrome (MT) 
(Figure  1). Samples were observed under a light microscope 
for histopathological analysis. Immunohistochemistry for CD3, 
B220, Iba1, Gr1, BrdU, peripheral node addressin (PNAd), 
and lymphatic vessel endothelial hyaluronic acid receptor  
1 (LYVE-1) was performed to detect T-cells, B-cells, macrophages, 
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TaBle 1 | List of antibodies, working dilutions, and methods for antigen retrieval.

antibody source Dilution antigen retrieval heating 
condition

Rabbit 
anti-CD3

Nichirei (Tokyo, 
Japan)

1:200 Target retrieval solution 
(high pH) (produced by 
Dako, Japan)

105°C, 
20 min

Rat 
anti-B220

Cedarlane (ON, 
Canada)

1:1,600 10 mM citrate buffer 
(pH 6.0)

105°C, 
20 min

Rabbit 
anti-Iba1

Wako (Osaka, 
Japan)

1:1,200 10 mM citrate buffer 
(pH 6.0)

105°C, 
20 min

Rat anti-Gr1 R and D system 
(MN, USA)

1:800 0.1% pepsin/0.2 N HCl 37°C, 
5 min

Rat 
anti-BrdU

Abcam (Tokyo, 
Japan)

1:200 10 mM citrate buffer 
(pH 6.0)

105°C, 
20 min

Rat anti-
peripheral 
node 
addressin

BioLegend (San 
Diego, CA, USA)

1:500 Target retrieval solution 
(high pH) (produced by 
Dako, Japan)

105°C, 
20 min

Rabbit 
anti-LYVE-1

Adipogen (San 
Diego, CA, USA)

1:500 10 mM citrate buffer 
(pH 6.0)

105°C, 
20 min
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granulocytes, proliferating cells, HEVs, and LVs, respectively. 
BrdU-incorporating cells were detected according to our previ-
ous report (13). Details of the antigen retrieval methods, staining 
conditions, and primary antibodies used are listed in Table  1. 
Briefly, following deparaffinization and antigen retrieval, sec-
tions were incubated with primary and secondary antibodies 
according to previously published streptavidin–biotin methods 
(24). Negative controls were incubated in 0.01 M PBS instead of 
primary antibody (data not shown).

real-time Pcr analysis
The total RNA was extracted from different frozen lung sample of 
each group by using Trizol (Thermo Fisher Scientific; Waltham, 
MA, USA). The total RNA of each sample was used as a template 
to synthesize cDNA using ReverTra Ace qPCR RT Master Mix 
(Toyobo; Osaka, Japan). The cDNA from each sample was analysed 
by TaqMan PCR method using probes for collagen, type I, alpha 1 
(Col1a1), collagen, type III, alpha 1 (Col3a1), and actin, alpha 2, 
smooth muscle, aorta (Acta2), TaqMan Universal Master Mix II 
(Thermo Fisher Scientific), and PCR Machine (CFX Connect™ 
Real-Time PCR Detection System, Bio-Rad, CA, USA). The 
expression data were normalized to the expression levels of Actb.

isolation of cells from MFT  
for Flow cytometry
Mediastinal fat tissues were collected from BLM and PBS groups 
after transcardial perfusion with PBS. MFTs were chopped and 
digested in DMEM media containing 1  mg/ml Collagenase D 
(Roche, Tokyo, Japan) at 37°C for 40 min. The recovered solution 
was then filtered through nylon meshes. Cells were resuspended 
in 40% percoll and gently overlaid on 80% percoll. After centrifu-
gation at 2,700 rpm for 15 min, viable cells were collected into 
DMEM media.

Flow cytometry and cell sorting
Single-cell suspensions were stained with fluorochrome-labeled 
monoclonal antibodies after incubation with FcR-blocking 

reagent (Miltenyi Biotec, Bergisch Gladbach, Germany). The 
following antibodies (all purchased from BioLegend) were used 
for flow cytometry: FITC-labeled anti-mouse CD11b, PE-labeled 
anti-mouse F4/80, PE/Cy7-labeled anti-mouse CD206, APC-
labeled anti-mouse CD80, APC/Cy7-labeled anti-mouse CD45, 
FITC-labeled anti-mouse B220, PE-labeled anti-mouse CD3, 
PE/Cy7-labeled anti-mouse CD4, APC-labeled anti-mouse CD8, 
PE/Cy7-labeled anti-mouse CD138, APC-labeled anti-mouse 
CD19. Flow cytometric data were acquired on FACSVerse (BD 
Biosciences, San Jose, CA, USA) and then were analyzed using 
FlowJo software (TreeStar).

histoplanimetry
For histoplanimetry analysis, five mice were analyzed per group 
at both early and late time points. The spleen/body weight (BW) 
ratios were compared between the BLM and the PBS group 
at both 7 and 21  days. Digital images from H&E-, MT-, and 
immune-stained tissue sections were obtained using the BZ-X710 
(Keyence, Osaka, Japan). Based on H&E-stained digital images, 
we calculated the ratio of LC area/total MFT area using the ImageJ 
software (ver. 1.32j, http://rsb.info.nih.gov/ij), as previously 
reported (13). The aniline blue+ fibrosis area (%) was measured 
from images of MT-stained section using the BZ-X710 fluorescent 
microscope (Keyence). From immune-stained digital images, 
positive cell counts for proteins of interest were determined via 
the BZ-X analyzer (Keyence). The percentages of B220+, CD3+, 
Gr1+, Iba1+, or BrdU+ cells in MFALCs were measured and com-
pared among all groups using previously published methods (13). 
To determine the relative ratios of LYVE-1 + LVs to MFALC and 
lung area, we first measured total areas of LYVE-1 + LVs as well 
as the total field areas of MFALCs and the lungs using the ImageJ 
software. To calculate the relative ratio of the LYVE-1 + LVs areas, 
we divide the total areas of LYVE-1 + LVs by the total field areas; 
the average relative ratios in different fields were reported. The 
relative ratios of PNAd + HEVs in MFALCs were similar to that 
of LYVE-1 + Lvs. Additionally, the number of PNAd + HEVs in 
the lungs was manually counted in different lung lobes, and the 
average of the numbers within all lobes was reported.

statistical analysis
All numerical results were presented as mean ± SE. Differences 
between groups were compared using the Kruskal–Wallis test. 
For multiple comparisons, the Scheffé’s method was applied, 
and statistical significance was set at P < 0.05. For comparison 
between two groups, Mann–Whitney U-test was performed 
(P  <  0.05). Pearson’s correlation was used to determine the 
correlation between two variables (*significant value, P < 0.05, 
**highly significant value, P < 0.01).

resUlTs

histopathological Features of the  
lungs at Different Time Points in the  
BlM Mouse Model
Similar to methods employed in previous studies (6, 7), we exam-
ined the lungs at two points, 7 days (early time point) and 21 days 
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(late time point) following i.n. BLM or PBS instillation in order 
to determine progression of lung injury and fibrosis. Analysis of 
MT-stained lung sections showed normal lung architecture in the 
control group at both 7 and 21 days (Figures 1A,C). However, 
the lungs in BLM-administered group showed large accumula-
tions of mononuclear cells and reduced collagen fibers at 7 days 
(Figure 1B) post-instillation, and severe lung fibrosis at 21 days 
(Figure  1D). Significantly higher ratio of aniline blue-positive 
area was observed in the BLM groups as compared to the control 
group (Figure 1E). Furthermore, to analyze the degree of lung 
fibrosis, real-time PCR analysis was performed. The relative aver-
age of mRNA expression levels of Col1a1, Col3a1, and Acta2/Actb 
for each group was compared and statistically analyzed among 
other groups. Col1a1 and Col3a1 mRNA expressions were 
significantly higher in BLM group at 21 days than other groups. 
However, no significant difference was observed in that of Acta2 
among different groups (Figure 1F).

Morphological Features of MFalcs  
in the BlM Mouse Model
Analysis of H&E-stained sections indicated that the sizes of 
MFALCs were larger in the BLM group at both 7 and 21  days 
(Figures 2B,D, respectively) as compared to those in the PBS-
treated control group (Figures 2A,C, respectively). To assess the 
histological index of MFALC development, we measured the LC/
MFT area ratio. A significantly higher LC/MFT area ratio was 
observed in the BLM groups as compared to the control groups 
(Figure 2E). The spleen/BW ratios did not reveal significant dif-
ferences between the two groups (Figure 2F).

MFalc immune cell Populations and 
lung infiltration in the BlM Mouse Model
To characterize the cellular composition of MFALCs and lung 
infiltrates, immunohistochemical analysis for CD3, B220, Iba1, 
and Gr1 was performed to examine different subset of immune 
cells including T-cells, B-cells, macrophages, and granulocytes, 
respectively. The percentages of immune-positive cells in 
MFALCs were calculated and represented as cell densities. We 
also counted the number of immune-positive cells per lung field. 
In MFALCs, no significant difference was detected in T-cell 
density (Figure  3A), and macrophages (Figure  3C) between 
BLM and control groups. However, a significant difference in 
B-cell density was found between the BLM and control groups at 
7 and 21 days (Figure 3B). Cellular infiltration of T- and B-cells, 
as well as macrophage into the lungs was significantly greater in 
the BLM group as compared to the control group at 7 and 21 days 
(Figures 3D–F). Moreover, the number of B-cell and macrophage 
infiltrates in the lungs of the BLM group at 7 days was significantly 
higher than that at 21 days. In accordance with immunohisto-
chemical staining, flow cytometric analysis of the immune cells 
within MFALCs revealed a significant increase of B220+ B-cells in 
BLM group at day 7 when compared to PBS group (Figure 3G). 
In B-cells and T-cells subpopulations, there was no significant 
difference between the BLM and PBS groups, including CD4+ 
helper T-cells, CD8+ cytotoxic T-cells, CD19+ mature B-cells, 
and CD138+ plasma cells (Figures  3H,I). The macrophage 

subpopulations of BLM group showed a slight increase in the 
frequency of CD80+ M1 macrophages (Figures 3H,I).

Additionally, numerous populations of Gr1+ cells were 
detected in both the MFALCs and the lungs of the BLM group. 
However, few Gr1+ populations were observed in the control 
group (Figures 4A–D,F–I). Gr1+ cell densities in the MFALCs 
and the lungs in the BLM group were revealed to be significantly 
higher as compared to those in the control group (Figures 4E,J). 
Interestingly, in the BLM group, Gr1+ cells showed varied nuclear 
surface and morphology. One population showed lobulated 
nucleus that were either complete or incomplete ring-shaped. 
Another population was larger in diameter and displayed a ring-
shaped nucleus with smooth surface and central small basophilic 
cytoplasm (Figures  4K–N). The former population was rarely 
observed in either the MFALCs or the lungs of control mice.

Proliferating cells in the MFalcs and 
lungs of BlM-Treated Mice
Numerous populations of BrdU+ cells were observed within 
the MFALCs and lungs of the BLM group (Figures 5B,D,G,I), 
but such populations were very few in the control group 
(Figures 5A,C,F,H). Statistical analysis showed that BrdU + cell 
densities in the MFALCs and the lungs were significant higher 
in the BLM group as compared to those in the control group 
(Figures 5E,J).

Presence of lVs and heVs in the MFalcs 
and lungs of BlM-Treated Mice
To determine the abundance of LVs and HEVs in the MFALCs 
and the lungs, immunohistochemical analysis for LYVE-1 
and PNAd was performed, respectively. LYVE-1+ LVs were 
more abundant in both the MFALCs and the lungs of BLM-
administered mice (Figures 6B,D,G,I) as compared to those in 
the controls (Figures 6A,C,H,F). Quantitative measurements of 
the percentages of LVs in the MFALCs and the lungs revealed that 
BLM-treated group demonstrated significantly higher number of 
LVs as compared to the PBS-treated group at both 7 and 21 days 
post i.n. instillation (Figures 6E,J).

Similarly, the MFALCs in the BLM group yielded more devel-
oped PNAd  +  HEVs (Figures  6L,N) as compared to the PBS 
group (Figures 6K,M) at both 7 and 21 days. While we were able 
to detect PNAd+ HEVs in the lungs of the BLM group at both 7 
and 21 days (Figures 6Q,S), we were unable to detect any PNAd+ 
HEVs in the lungs of the PBS group (Figures 6P,R). In additions, 
percentage of HEVs in MFALCs was greater in the BLM group 
as compared to the PBS group at both 7 and 21  days post i.n. 
instillation (Figure 6O). Finally, the lungs of the BLM group, but 
not the PBS group, showed elevated number of PNAd+ HEVs-like 
vessels at both 7 and 21 days post i.n. instillation (Figure 6T).

histopathological correlations  
between MFalcs and BlM-induced  
lung lesions in Mice
As shown in Table  2, we examined the pathological correla-
tions between densities of CD3+, B220+, Iba1+, Gr1+, or BrdU+ 
proliferating cells in MFALCs and the number of cell infiltrates 
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FigUre 2 | Mediastinal fat-associated lymphoid cluster (MFALC) development in Bleomycin (BLM)-induced pneumonitis model mice. H&E-stained mediastinal fat 
tissue (MFT) at 7 and 21 days following i.n. instillation of phosphate-buffered saline (PBS) (a,c) or 5 mg/kg BLM (B,D). Arrows indicate MFALCs. (e) Ratio of LC 
area/total MFT area expressed as percentage. (F) Ratio of spleen/body weight expressed as percentage. The letters a, b, c, and d: significant differences between 
PBS group at 7 days (a), BLM group at 7 days (b), PBS group at 21 days (c), and BLM group at 21 days (d), analyzed by the Kruskal–Wallis test, followed by the 
Scheffé’s method (P < 0.05); n = 5 in each experimental group. Values = mean ± SE.
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in the lungs in both treatment groups at 7 and 21 days. Except 
for CD3+ cells, cell densities of all investigated cell types in 
MFALCs were positively correlated with their infiltration into 
the lungs. However, the density of CD3+ cells in MFALCs was 
negatively correlated with that in the lungs. We also examined 
correlations between the quantitative indices of LV and HEVs in 

the MFALCs and those in the lungs at 7 and 21 days (Table 3). 
Results indicated that all investigated parameters in MFALCs 
were positively correlated with their corresponding parameters 
in the lungs. Moreover, we examined parameters that affected the 
development of MFALCs in both BLM and PBS groups at 7 and 
21 days (Table 4). Correlation analysis was performed between 
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FigUre 3 | Immune cell populations in mediastinal fat-associated lymphoid clusters (MFALCs) and lungs of bleomycin (BLM)-induced pneumonitis. Densities of 
T-cells, B-cells, and macrophages in MFALCs (a–c), and their average numbers in lung tissues (D–F). The letters a, b, c, and d: significant differences between 
phosphate-buffered saline (PBS) group at 7 days (a), BLM group at 7 days (b), PBS group at 21 days (c), and BLM group at 21 days (d), analyzed by Kruskal–Wallis 
followed by Scheffé’s method (P < 0.05); n = 5 in each experimental group. Values = mean ± SE. The % of T-cells, B-cells, and macrophages in MFALCs were 
detected by flow cytometry among PBS and BLM groups at 7 days (g) (n ≥ 3 mice of each group). Statistically significant difference, as determined by the  
Mann–Whitney U-test (p < 0.05); comparison between the BLM and PBS groups at 7 days, with significance indicated by an asterisk (*). Values are shown as the 
mean ± SE. Flow cytometric analysis of T-cells (CD4/CD8), B-cells (CD19/CD138), and macrophages (M1/M2) subpopulations in MFALCs of PBS group (h), and 
BLM group (i) at 7 days.
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FigUre 4 | Granulocyte cell populations within mediastinal fat-associated lymphoid clusters (LCs) (MFALCs) and lung infiltrates in mouse model of bleomycin 
(BLM)-induced pneumonitis. Immunohistochemical images (low-power) show Gr-1+ cells in MFALCs (a–D) and lung tissues (F–i) of PBS group at 7 days, BLM 
group at 7 days, PBS group at 21 days, and BLM group at 21 days, respectively. (e) Gr-1+ cell density in MFALCs. (J) Average number of Gr-1+ cells in lung tissues. 
The letters a, b, c, and d: significant differences between PBS group at 7 days (a), BLM group at 7 days (b), PBS group at 21 days (c), and BLM group at 21 days 
(d), analyzed by the Kruskal–Wallis test, followed by the Scheffé’s method (P < 0.05); n = 5 in each experimental group. Values = mean ± SE. Immunohistochemical 
images (high power) show Gr-1+ cell in MFALCs (K,l) and lung tissues (M,n) of BLM groups at 7 and 21 days post-instillation. Some cells showed lobulated 
nucleus with complete or incomplete rings, others showed smooth non-lobulated ring shaped nucleus with central basophilic cytoplasm (arrows).
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ratios of MFALC/LV area or MFALC/HEV area and MFALC size. 
Results indicated that quantitative indices of LV and HEV were 
positively correlated with MFALC size.

DiscUssiOn

Bleomycin is a chemotherapeutic antibiotic that is used as an 
effective antineoplastic drug. However, repeated systemic admin-
istration of BLM may result in lung inflammation and fibrosis 
(25). This side effect was reported to occur in 10% of patients 
receiving the BLM treatment (26–28). Increased knowledge of 
the pathogenesis of BLM-induced lung injury may lead to devel-
opment of agents capable of preventing or treating established 
BLM-induced pneumonitis. Due to the difficulties in studying 

the pathogenesis of lung fibrosis in humans, different animal 
models of pulmonary fibrosis have been developed to investigate 
potential therapies for IPF (9). BLM-induced lung fibrosis has 
been studied in many experimental models including dogs (29), 
hamsters (30), rats (31), and in mice (7, 32) to reveal the cellular 
and molecular basis for lung fibrosis. The time course of BLM-
induced fibrosis was revealed (33). Lung lesions have been shown 
to occur in two stages following intratracheal BLM instillation: 
inflammatory and fibrotic at 7 and 21 days, respectively.

Notably, in the murine model, remarkable strain-specific dif-
ferences were observed in susceptibility to fibrosis following BLM 
administration, with CBA and B6 mice being highly susceptible, 
and Balb/c mice being relatively fibrosis-resistant. These differ-
ences are likely due to different expression patterns of cytokines 
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FigUre 5 | Proliferating cell populations in mediastinal fat-associated lymphoid clusters (LCs) (MFALCs) and lungs of Bleomycin (BLM)-induced pneumonitis mouse 
model. Immunohistochemical images show BrdU+ cell in MFALCs (a–D) and lung tissues (F–i) of phosphate-buffered saline (PBS) group at 7 days, BLM group at 
7 days, PBS group at 21 days, and BLM group at 21 days, respectively. (e) Density of BrdU+ cells in MFALCs. (J) Average number of BrdU+ cells in lung tissues of 
different groups. The letters a, b, c, and d: significant differences between PBS group at 7 days (a), BLM group at 7 days (b), PBS group at 21 days (c), and BLM 
group at 21 days (d), analyzed by the Kruskal–Wallis test, followed by the Scheffé’s method (P < 0.05); n = 5 in each experimental group. Values = mean ± SE.

FigUre 6 | Presence of LVs and high endothelial venules (HEVs) in mediastinal fat-associated lymphoid clusters (LCs) (MFALCs) and lungs of Bleomycin  
(BLM)-induced pneumonitis in mice. Immunohistochemical images depict LYVE1+ LVs in MFALCs (a–D) and lung tissues (F–i) in phosphate-buffered saline (PBS) 
group at 7 days, BLM group at 7 days, PBS group at 21 days, and BLM group at 21 days, respectively. Arrows indicate LYVE1+ LVs in MFALCs (a–D) and lung 
tissues (F–i). Percentage of LYVE1+ LVs in MFALCs (e) and lung tissues (J) of different groups. Immunohistochemical images of PNAd+ HEVs in the MFALCs (K–n) 
and lung tissue (P–s) are shown for PBS group at 7 days, BLM group at 7 days, PBS group at 21 days, and BLM group at 21 days, respectively. Arrows indicate 
PNAd+ HEVs in MFALCs (K–n) and lung tissues (P–s). (O) Relative ratios of PNAd+ HEVs in the MFALCs. (T) Average number of PNAd+ HEVs in lung tissues.  
The letters a, b, c, and d: significant differences between PBS group at 7 days (a), BLM group at 7 days (b), PBS group at 21 days (c), and BLM group at 21 days 
(d), analyzed by the Kruskal–Wallis test, followed by the Scheffé’s method (P < 0.05); n = 5 in each experimental group. Values = mean ± SE.
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and proteases/anti-proteases (8, 33). We have previously revealed 
strain-specific differences in the size of a novel LC associated with 
the MFTs; B6 mice showed more developed MFALCs than other 

mouse strains (13). In a recent study, we demonstrated better 
developed MFALCs in two mic model of autoimmune disease 
(MRL/MpJ-lpr and BXSB/MpJ-Yaa) that show a phenotype 
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TaBle 4 | Correlation between area of mediastinal fat-associated lymphoid 
clusters (MFALCs) and the relative ratios of LVs or high endothelial venules 
(HEVs) in the MFALCs.

lVs (lYVe1) heVs (peripheral node 
addressin)

MFALCs vs. vessels areas r 0.734** 0.475*
P <0.001 0.034

*Significant, P < 0.05.
**Highly significant, P < 0.01.
n = 20 for both phosphate-buffered saline and Bleomycin groups.

TaBle 3 | Correlations between relative ratios of LVs and high endothelial 
venules (HEVs) in mediastinal fat-associated lymphoid clusters (MFALCs) and the 
lungs.

lVs (lYVe1) heVs (peripheral node addressin)

MFALCs vs. lung r 0.798** 0.642**
P <0.001 0.002

**Highly significant, P < 0.01.
n = 20 for both phosphate-buffered saline and Bleomycin groups.

TaBle 2 | Correlations between density of immune-positive cells in the 
mediastinal fat-associated lymphoid clusters (MFALCs) and their numbers in the 
lung.

BrdU cD3 B220 iba1 gr1

MFALCs vs. lung r 0.828** −0.289 0.684** 0.459* 0.579**
P <0.001 0.217 0.001 0.042 0.007

*Significant, P < 0.05.
**Highly significant, P < 0.01.
n = 20 for both phosphate-buffered saline and bleomycin groups.
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similar to human SLE as compared to control strains. In addition, 
we reported significantly positive correlation between the size 
of LCs and lung infiltration in mice with autoimmune diseases, 
suggesting that MFALCs may play a role in progression of lung 
lesions (10). Moreover, it has been recently revealed that the size 
of mesenteric FALCs increases following induction of peritonitis 
in mice (19). Also, it has been reported that the number and 
size of the CD45+ MFALCs following parasitic infection of the 
pleura and lung inflammation were significantly increased (20). 
However, to date, the pathogenesis of lung inflammation and 
fibrosis is still not clear. The association between BLM-induced 
lung inflammation and development of MFALCs is also another 
unexplored topic. Recent studies revealed that it is not possible 
to address the direct role of pleural FALCs in protection against 
nematode infection due to it is not practical to remove FALCs 
from the pleural space (20). Furthermore, through our morpho-
logical and histological observations of the MFTs, we could detect 
many connections extending from the MFTs into the lung and 
thymus (data not shown). Subsequently, we suggested that from 
the practical point of view, it is difficult to remove the MFALCs to 
address their direct role in lung diseases progression. Therefore, 
in the current study, we wanted to determine the relationship 
between MFALCs development and sensitivity to pneumonitis 
following BLM administration in comparison of the PBS control 
administered group.

In this study, we examined the histopathological changes in 
both the lungs and MFALCs of B6 mice at 7 and 21 days following 
i.n. instillation of BLM. Similar to other reports (8, 33), the lungs 
of mice in the BLM group showed inflammatory and fibrotic 
changes at 7 and 21 days, respectively. Interestingly, our results 
revealed that MFALCs was significantly larger in the BLM group 
at both 7 and 21 days, indicating that inflammatory and fibrotic 
reactions in the lungs were rapidly induced by MFALC activation. 
This was in agreement with a recent observation, where sizes of 
FALCs in the mediastinum and pericardium were shown to be 
profoundly increased 11 days following filarial infection (20). The 
present study also revealed significantly higher BrdU + prolifer-
ating cells in MFALCs of the BLM group as compared to those 
in the control group. These data suggest that the BLM induces 
proliferation of cells that form MFALCs.

We characterized the cellular compositions of MFALCs and 
lung infiltrates in both the BLM and control groups. Higher 
cell densities and greater numbers of immune cells, especially 
B-cells, macrophages, and granulocytes, were observed in both 
MFALCs and lungs of the BLM group as compared to those of the 
control group. Interestingly, our flow cytometric analysis revealed 
an obvious enrichment of B-cells in MFALCs after treatment 
with BLM. This was in agreement with previous observations, 
where B-cells were found to be significantly upregulated in 
pericardial FALCs upon infection by Litomosoides sigmodontis, 
a parasite that is restricted to the pleural cavity in its first stages 
of development (20, 34). We also showed significantly positive 
correlations between quantitative parameters of immune cells 
(B-cells, macrophages, and granulocytes) in both the lungs and 
the MFALCs. Therefore, MFALCs may be essential in the progres-
sion of lung diseases, especially those inflammatory in nature. On 
the other hand, we saw a decrease in T-cells density in MFALCs 
following BLM administration, which was negatively correlated 
with lung infiltration. It is possible that changes in the number 
of other cell types such as B-cells and macrophages 21  days 
post-BLM treatment affect T-cell density. Together, these results 
suggest that inflammation could induce proliferation of B-cells, 
macrophages, and granulocytes (with the exception of T-cells) 
within the MFALCs and lungs following BLM exposure. Previous 
studies have also demonstrated proliferation and differentiation 
of B-cells in mesenteric FALCs following induction of peritonitis 
in mice (19). Interestingly, it has been reported that following 
both lung infection with nematode larvae and lung inflammation 
by fungal allergen inhalation, the MFALCs stromal cells produce 
IL-33, which lead to activation of type 2 innate lymphoid cells 
and IL-5 secretion. This in turn stimulates the recruitment and 
activation of B cells (20).

Interestingly, our results revealed the presence of Gr1+ cells 
with heterogeneous nuclear surface and morphology. Some 
populations showed lobulated nucleus that form either complete 
or incomplete ring shapes. Another population exhibited larger 
diameters and contained a ring-shaped nucleus with smooth 
surface. A previous study termed leukocytes with ring-shaped 
nuclei ring cells (35). These cells comprised 50% of bone marrow 
cells and were also present in the peripheral blood and were part 
of inflammatory infiltrates in mice. Furthermore, these cells were 
also reported to be present in the peripheral blood of human 
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patients with infectious mononucleosis (36) and myeloprolif-
erative diseases (37–39). Non-segmented ring cells were named 
mononuclear-like ring cells. As shown by electron micrographs 
as well as histochemical and immunohistochemical staining, 
these cells exhibit the typical characteristics of mononuclear 
phagocytes, monocytes, promonocytes, and promyelocytes 
(35). Interestingly, monocyte-derived alveolar macrophages 
(Mo-AMs) were recently reported in the lung tissue in addition 
to the tissue-resident alveolar macrophages (TR-AMs) and their 
number increased following BLM-induced lung injury (40, 41). 
Furthermore, it has been revealed that the Mo-AMs play role 
in the progression of lung fibrosis, whereas genetic deletion of 
Mo-AMs following their recruitment to the lung ameliorated 
lung fibrosis. However, TR-AMs did not have role in fibrosis 
development (41).

It is known that the first step of lymphocyte migration into 
tissues is their adhesion to the vascular endothelium. In the 
lymphoid organs, lymphocyte adherence and transendothelial 
migration occur at HEVs, which act as sites for T-cells and B-cell 
entry (42). In humans, HEVs are found in all secondary lymphoid 
organs including lymph nodes, tonsils, and Peyer’s patches. 
Additionally, HEV-like vessels were also observed in chronically 
inflamed non-lymphoid tissues and were suggested to support 
the recruitment of lymphocyte into these sites (43). Furthermore, 
HEVs are also observed within the LCs of the omentum as a spe-
cialized type of post-capillary venules important for lymphocyte 
trafficking (44, 45). The abundance of HEVs in various tissue 
types suggests that they may contribute to the pathogenesis of 
many chronic inflammatory diseases in both human and animals 
(46). In non-obese diabetic mice, HEVs have been detected in the 
inflamed pancreas, as well as in the salivary glands (47). Areas of 
dense lymphocytic infiltration containing HEVs were observed 
in cases of chronic gut inflammation, such as in Crohn’s disease 
and ulcerative colitis. They were also associated with autoimmune 
thyroiditis such as Graves’ disease and Hashimoto’s thyroiditis 
(48–50).

In the present study, one of our aims was to investigate the 
possible role of LVs and HEVs in the lungs during immune 

cell infiltration. To this end, we examined the distribution of 
LVs and HEVs in MFALCs and lung tissues in both BLM and 
control groups. LYVE-1  +  LVs were found to be significantly 
higher in both MFALCs and lung tissues of BLM-treated group 
as compared to those in the control group. Well-developed 
PNAd  +  HEVs were also observed to be more numerous in 
the MFALCs of BLM-treated group as compared to the control 
group. Interestingly, PNAd + HEVs were found in the lungs of 
BLM-treated group, but not in the control group, at both 7 and 
21 days following drug administration. Furthermore, our results 
revealed higher percentage of B-cell populations following BLM 
administration suggesting their proliferation and or recruitment. 
Therefore, we suggest that B-cell response and HEVs may be 
essential to the development of inflammation and fibrosis fol-
lowing BLM administration. However, further investigations 
are required to expand our understanding of the factors associ-
ated with the development of HEVs in lung tissues post-BLM 
treatment. Manipulation of these factors could provide novel 
therapeutic treatments for many inflammatory lung diseases in 
both humans and animals.
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